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gene expression and ultimately helps to determine the
fate of these cells. In addition, NG2+ cells could release
neurotransmitters or other trophic factors aimed at the
stabilization of climbing fiber inputs. The challenge in
the future will be to selectively disrupt synaptic signal-
ing in these cells and test the functional consequences.
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pHypocretins:
wWaking, Arousal, or Action? t
h
p
The role of hypocretin (orexin) neurotransmission in c
waking and arousal, though of intense interest, is a
poorly understood. In this issue of Neuron, Mileykov- r
skiy et al., 2005 demonstrate that, in general, hypocre- e
tin neurons are minimally active during both sleep t
and quiet waking. In contrast, these neurons display a
robust activity during periods of alert and/or active p
waking. f
f
In 1998, two research teams independently identified a a
novel neuropeptide family, termed hypocretin (Hcrt) and t
orexin, comprised of two distinct peptides and two re- r
ceptors (de Lecea et al., 1998; Sakurai et al., 1998). a
Since this time, there has been a surprising amount of s
research on this peptide system. Hcrts are synthesized 2
solely by a small population of neurons located within a c
restricted region of the perifornical region of the lateral o
chypothalamus. Though small in number, Hcrt neuronsextend a widely projecting efferent system that inner-
vates virtually the entire central nervous system, from
frontal cortex to spinal cord (for review, see Sutcliffe
and de Lecea, 2002). The lateral hypothalamus has long
been associated with motivated behavior, including
feeding. Accordingly, one early line of research focused
on the potential role of Hcrt in feeding. Additionally,
Hcrt fibers innervate a variety of brain regions associ-
ated with the regulation of behavioral state, consistent
with previously posited state-modulatory actions of the
lateral hypothalamus. Importantly, narcolepsy with cat-
aplexy is associated with a loss of Hcrt neurons. More-
over, narcoleptic dogs posses a mutation in the gene
encoding the Hcrt-2 receptor (for review, see Sutcliffe
and de Lecea, 2002). Combined, these observations
suggested a prominent role of Hcrt in the induction
and/or maintenance of alert waking.
Consistent with this hypothesis, Hcrt activates a variety
of ascending aminergic transmitter systems implicated in
the regulation of arousal, including noradrenergic, hista-
minergic, cholinergic, dopaminergic, and serotonergic
systems. Moreover, when administered centrally into
animals, Hcrt exerts robust wake-promoting actions
(for review, see Sutcliffe and de Lecea, 2002). Com-
bined, these observations suggested the simple hy-
pothesis that Hcrt exerts arousal-enhancing actions
and that, conversely, the lack of Hcrt neurotransmission
results in inappropriately low arousal levels (e.g., sleep/
narcolepsy). As is common in science, a subset of addi-
tional observations proved inconsistent with the simple
hypothesis. For example, knockout mice that do not
produce Hcrt display cataplexy and fragmented sleep
and waking, but do not display grossly lower levels of
waking (Chemelli et al., 1999; Mochizuki et al., 2004),
consistent with clinical observations indicating a strong
relationship between Hcrt dysfunction and cataplexy
(Mignot et al., 2002). These and other observations
alled into question the hypothesized close relationship
etween Hcrt and waking.
A critical clue to the behavioral and physiological
unctions of any neurotransmitter system is the activity
rofile of that system. When are the neurons active and
hen is the transmitter released? In the case of Hcrt,
his information has been difficult to obtain. Immuno-
istochemical studies that measured levels of Fos, the
rotein product of the immediate-early gene (IEG)
-fos, suggested the possibility that Hcrt neurons are
ctive during high arousal states, such as stress, but
elatively inactive during spontaneous waking (España
t al., 2003). Of course, immunohistochemical detec-
ion of IEGs is at best an imperfect index of neuronal
ctivity, with instances of uncoupling of IEG gene ex-
ression from neuronal discharge rate described. Un-
ortunately, the large nature of the peptide makes it dif-
icult to measure using microdialysis. Moreover, this
pproach suffers from poor temporal resolution. None-
heless, limited microdialysis studies suggest elevated
ates of release during waking, particularly during
ctive waking, although the degree to which this is ob-
erved may vary across terminal fields (Yoshida et al.,
001; Kiyashchenko et al., 2002). In contrast, in sleep-
onsolidating monkeys, CSF levels of Hcrt rise slowly
ver the course of the activity portion of their diurnal
ycle and appear largely independent of locomotor ac-
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697tivity (Zeitzer et al., 2004). In summary, the activity pro-
file of Hcrt neurotransmission across the sleep-wake
cycle and under varying environmental conditions as-
sociated with varying levels of arousal is currently not
well understood, representing a major lacuna in our un-
derstanding of the neurobiology of this neurotransmit-
ter system.
In the case of brainstem aminergic systems, electro-
physiological recordings obtained under varying envi-
ronmental and behavioral conditions provided essential
insight into possible behavioral actions of these sys-
tems. These recordings were facilitated by the relatively
compact nature of many of these aminergic nuclei and
the unique action potential waveforms of these neu-
rons. In the case of Hcrt, these neurons do not form
a compact nucleus, and the waveform of Hcrt action
potentials in vivo was not known.
The study by Mileykovskiy et al., 2005 in this issue
of Neuron overcomes these challenges and provides
much needed insight into the activity profile of Hcrt
neurons across the sleep-wake cycle and across vary-
ing environmental conditions. The authors first iden-
tified Hcrt neurons in anesthetized rats using juxtacellu-
lar labeling in which Neurobiotin is iontophoresed from
a glass recording micropipette following recording from
a single neuron. This results in the labeling of the re-
corded neuron only. From these studies, they identified
a waveform that is relatively unique to Hcrt neurons.
Thus, it was estimated that the probability of recording
from a non-Hcrt neuron with this waveform is less than
1 in 26. It is not feasible to record neuronal activity in
freely moving animals using glass micropipettes, and
instead microwire electrodes are typically used. Thus,
the authors then characterized the waveform of Hcrt
neurons when recorded from microwire electrodes,
using simultaneous glass micropipette and microwire
recordings. They subsequently recorded from nine lat-
eral hypothalamic, Hcrt-like neurons in unanesthetized,
freely moving animals.
A complicated array of firing properties was ob-
served. First, Hcrt neurons displayed very low dis-
charge levels in both REM and slow-wave sleep. More-
over, discharge rates were not substantially elevated
during quiet waking, further suggesting that Hcrt neuro-
transmission is not associated with waking per se. In
contrast, high discharge rates were associated with
alert waking, particularly during active waking. Despite
this general relationship between Hcrt neuronal activity
and motor activity, movement per se does not account
entirely for the variance in Hcrt neuronal activity. For
example, increased Hcrt neuronal discharge activity
occurs in the absence of motor activity under condi-
tions of elevated arousal and/or alertness elicited by
an auditory stimulus. Conversely, Hcrt neurons display
lower (though still elevated) discharge rates during
periods of grooming and eating, despite substantial lo-
comotor activity. Moreover, presentation of a novel
food, which is initially associated with aversion and
then active exploration, is associated with a profound
suppression of Hcrt neuronal discharge rate, despite
ongoing motor activity.
In summary, Hcrt neurons are most active during
active and/or alert waking and are relatively inactive
during quiet waking. The general state dependency ofHcrt neurons observed in this study is similar to prelimi-
nary observations of Lee and Jones (M. Lee and B.E.
Jones, 2004, Soc. Neurosci., abstract, 841.1). Com-
bined, these observations suggest a relationship be-
tween Hcrt neurotransmission and alertness and/or
motor activity and not waking per se. As with any study,
important questions remain. For example, this study in-
volved a limited sampling of Hcrt neurons within a re-
stricted portion of the Hcrt neuronal field under a lim-
ited set of conditions. Additional studies will need to
characterize a wider sampling of Hcrt neurons under
a variety of environmental conditions associated with
varying levels of arousal, affect, motivation, explora-
tion, and attention.
Of particular importance, it is currently difficult to in-
corporate the response of Hcrt neurons to novel food
into the above description of Hcrt neuronal response
properties. In this situation, the animal both attends to
the food and eventually explores the food, and yet, Hcrt
neurons are relatively inactive during this entire pro-
cess. Moreover, suppression of Hcrt neuronal activity is
not associated with an apparent decrease in arousal/
attention level or motor activity. Thus, Hcrt neuronal ac-
tivity does not appear to be related simply to attention
and/or exploration. It may be as the authors suggest
that attention- or activity-related Hcrt neuronal activity
is modulated (suppressed) by alterations in affective
and/or arousal state of the animal produced by the
novel food. However, a challenge in interpreting the
suppressive effect of novel food on Hcrt neuronal activ-
ity is that the nature of novel food, as a stimulus, is
unclear. Does the animal perceive this as a potential
threat (e.g., anxiogenic), a potential reward, or neutral?
Is the animal’s arousal level elevated under these con-
ditions? Future studies will need to better identify the
aspect of the animal’s response to novel food that re-
sults in suppression of Hcrt neuronal activity. As part of
this, it will be important to characterize the time course
of Hcrt neuronal responses to a variety of well-charac-
terized sensory stimuli that elicit varying levels of alert-
ness or arousal.
A question related to this discussion, and an area of
potential clinical interest, is the degree to which Hcrt
systems contribute to behavioral and physiological re-
sponding in stress. Previous observations suggest that
Hcrt neurotransmission may be associated with high-
arousal stress-like states (España et al., 2003; Winsky-
Sommerer et al., 2004). It will be important to determine
whether stress is associated with elevated Hcrt neu-
ronal activity. If so, it will be difficult to explain the re-
sponse to novel food in terms of stress and/or anxiety
(e.g., neophobia). If stress is associated with elevated
(or decreased) Hcrt neuronal activity, are similar effects
observed under high-arousal appetitive conditions? Fi-
nally, given the association between Hcrt and feeding,
it will be important to determine the degree to which
Hcrt neuronal activity is modulated by hunger or other
motivational states.
The observations of Mileykovskiy et al., 2005 provide
critical insight into the relationship between Hcrt neuro-
transmission and behavior. Importantly, however, these
observations also represent a essential first step to-
ward answering a host of important questions concern-
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